Introduction
The accumulation of monocytes and lipoproteins in the intima are important events in the initiation of the atherosclerotic lesion (1) . In an attempt to examine the interaction of monocytes and endothelium in the process of lipoprotein transport, we employed a system similar to that initially described by Taylor and colleagues (2) where endothelial monolayers are grown on filters and placed in chemotactic chambers. In such a system, fluid above and below the monolayer can be readily sampled and evaluated for lipoprotein transport. We have examined the extent to which the endothelial monolayer retards low density lipoprotein (LDL) transport and the effect of monocyte migration through the monolayer on this transport process. The rate of transport of albumin has also been examined to determine if LDL was unique in its transport properties.
by counterflow centrifugation as previously described (4 (6) and passaged in medium 199 containing 15% fetal calf serum. Second and third passages were plated at l0 cells/cm2 on prepared filters in culture wells and incubated for 5 d, at which time they were observed by phase microsopy for confluency.
Polycarbonate filters. Polycarbonate filters, 5 ,um pore size, 13-mm diameter (Nuclepore #1 10413 Pleasanton, CA) were treated for 15 min with 70% alcohol, rinsed extensively in distilled water, and boiled for 30 min in 0.1% gelatin in phosphate-buffered saline. Filters were then placed into tissue culture wells and heated to 60'C for 30 min. Glass rings were placed over the filters to hold the edges down. Endothelial or smooth muscle cells were then added onto the filters and cultured.
LDL and albumin preparation. LDL was prepared from the serum of normal fasting subjects by density fractionation in an ultracentrifuge.
LDL was obtained in the fraction d = 1.019-1.063 g/ml (4) . Part of the LDL was labeled with 1251 (7) to allow determination of LDL transport. Pentex albumin was utilized and isolated by previous methods (7) .
Chemotaxis. Chemotaxis was performed in Boyden chambers (8) . Electrical resistance. Electrical resistance across the filters with the cell monolayers was measured at 370C in a modified Ussing chamber with two matched Calomel half cells as described by Kim and Crandall (9) . Filters lacking cells and filters containing smooth muscle cell layers were employed for comparison studies. Results for type II alveolar epithelial cells using the same apparatus were also used for comparison (10) . Resistance (fl-cm2) was calculated from the ratio AV/AI where AV is the steady-stage voltage response to a small (10-20 1AA cm-2) steady current change (AI).
Electron microscopic sections. Electron microscopic sections were prepared after fixing in 2% buffered gluteraldehyde and processed as described previously (I 1).
Results
Evaluation of endothelial monolayers grown on filters. The endothelial cells were seen to grow to confluence on the treated filters by phase microscopy. On electron microscopic evaluation of the monolayers, the endothelial cells were -5 jlm in height and the cells displayed what appeared to be close, possibly tight junctional contacts over isolated areas of the cell (Fig. 1 ). There were many interdigitating cell processes. The cells exhibited a polarity with basement membrane-like material seen beneath the side adjacent to the filter.
The endothelial monolayers exhibited a marked restriction of LDL movement, lowering the transport rate at least 25-fold compared with filters lacking cells (Fig. 2 ). For comparison, smooth muscle cell monolayers were also evaluated in this system and were shown to have a lesser but still pronounced effect on LDL transport rate. Albumin was transported more rapidly across the endothelial monolayer than was the larger LDL molecule. For these studies of protein transport across the monolayer, a saturating concentration of LDL (100 isg/ml) was selected (Fig. 3) . The concentration of albumin was also above saturation in these studies (data not shown). mononuclear cells or pure monocytes were added to the system. Electron microscopic evaluation of the endothelialfilter complex in the presence of monocyte chemotaxis is shown in Fig. 4 . In areas where a monocyte has recently passed through the monolayer, the endothelial cell processes are connected by altered and attenuated junctional areas (Fig.  4 ). Monocytes were never seen going through endothelial cells, only between them.
A consequence of monocyte chemotaxis through the monolayer was that the rate of transport of LDL through the monolayer increased dramatically in the direction of the monocyte migration (Fig. 5) . LDL monolayers were present on the filter, the LDL transport was markedly reduced with <30±11 (range, 21-49) ng of LDL reaching the opposite well at 1 h. The presence of chemotactic factor in the lower well (without monocytes in the system) or monocytes in the upper well (with no chemotactic factor in the lower well) did not increase the rate of transport of LDL across the endothelial monolayers. With migration of monocytes across the endothelium from the upper to the lower well in response to a chemotactic stimulus, there was a sixfold increase in LDL transported from the upper to the lower well after 1 h (175±30 ng LDL at 1 h, range 125-230, Fig. 5 A) . This increase in LDL transport was only seen in the direction of monocyte movement. When 1251I-LDL was placed in the lower well and monocytes were induced to migrate from the upper to the lower well (Fig. 5 B) , there was no increase in the transport rate of 125I-LDL from the lower to the upper well.
Since our samples of 125I-LDL measurements were centrifuged to remove any cells before measuring activity and since all of the radioactivity was TCA precipitable, the data represent LDL movement rather than disassociated label or cell-associated LDL transport. Albumin also showed an increased transport 2281 Lipoprotein Transport Across Endothelium 
Discussion
The data suggest a unidirectional transport of LDL across endothelial cells as a result of monocyte chemotaxis. The endothelial monolayers used in this system have properties characteristic of vascular endothelium. The monolayers demonstrated polarity of the cells and the presence of tight junctions and cell process interdigitations, both characteristic of the endothelium in vivo (12) . The extent of electrical resistance across the aortic endothelium in vivo is not known and thus (10) Values represent mean±SD (n). direct comparison with our data is not possible. However, it is significant that resistance across the endothelial monolayer is 10-fold higher than a confluent smooth muscle layer suggesting close cell contact. Resistance in the range we observed can be caused by a combination of incomplete tight junctions and/or extensive interdigitations (E. Wright, personal communication). At this time, it is not possible to determine in vivo or in vitro which of these is more important. The rate of albumin and possibly LDL transport across the in vitro monolayers is similar to that seen in vivo, providing the best evidence for the similarity of the in vivo and in vitro systems.
The amount of albumin transported through the monolayer per centimeter squared per hour is 150 ng, a value less than the mean but within the range of that reported for transport across swine aorta in vivo (13) and which is similar to that found in a carotid perfusion system (14) . The values for LDL transport are similar to that found in vivo (15) , if the rate of radioactive and nonradioactive LDL transport are assumed to be the same, an assumption that is not testable at the present time. While the evidence would suggest that transport rates through the monolayers utilized in this study are similar to that in vivo, an assumption of identity with in vivo monolayers would clearly be unwarranted at this time.
Monocytes are known normally to migrate from the blood into the vessel wall. Electron microscopic studies by Marchesi (16) into the subendothelium where they remain for a brief period, and then pass freely through venules and arterioles into the surrounding connective tissue. The migration out of the vessel is greatly accentuated under the influence of chemotactic factors. The diapedesis of monocytes through the wall of large vessels also appears to be a normal event (18) that is accentuated after cholesterol feeding (19) . In our in vitro system, monocytes passed freely across the endothelial monolayers in response to chemotactic stimuli. Electron microscopic studies (Fig. 4) indicated that the monocytes migrated between adjacent endothelial cells. Subsequent to the migration, there appeared to be an attenuation of the junctional connections of the endothelial cells. Smith and Staples (20) have demonstrated an increased concentration of LDL in the intima of human aorta in comparison with that in the circulating plasma. While there are a number of possibilities to explain this finding, our data would suggest that part of the explanation may relate to a one-way passage of LDL into the intima as a result of the passage of monocytes through the endothelium. Our data have shown that monocyte movement across the endothelium can accelerate the normally low transport of lipoproteins and albumin into the intima. Others have shown that neutrophils accelerate the movement of albumin across an endothelial monolayer (21) . At this time, we have not defined a specific mechanism for the essentially one-way passage of LDL. Since our findings excluded cell-associated LDL, we think it unlikely that the LDL simply binds to the monocyte and transverses the endothelium with it, although a very transient association and subsequent disassociation after the monocyte has crossed cannot yet be ruled out. Some interaction with the basement membrane or adjacent endothelial surface may be operative in inhibiting the backward flow of LDL. It is also likely that a microcurrent flow is established as the monocyte crosses the endothelium, which would augment the passage of LDL in the same direction as monocyte movement. The fact that albumin also had a tendency for unidirectional transport-shows that this movement pattern is not specific for LDL, but appears more pronounced with LDL than albumin. It will be important in future studies to determine whether other lipoproteins move similarly to LDL.
Various endothelial cell culture systems (21, 22) have provided useful information about endothelial cell function. Since the interaction oflipoproteins, monocytes, and endothelial cells appears to be important in the initiation of atherosclerosis, the in vitro system used in this study may be a useful model for the investigation of these interactions.
